In the astronomically tuned Miocene continental Orera Composite Section (OCS) of NE Spain, one short interval and two single sample levels of normal polarity were found. The low sampling resolution inhibited determination of whether these normal polarity intervals represent remagnetization, reversal excursions or even short subchrons. We have sampled these intervals with high resolution, to determine their authenticity, and their astronomical duration. Rock magnetic analysis indicates that the main magnetic minerals in the studied rocks are magnetite and (finegrained) hematite. Furthermore, a positive correlation is observed between rock magnetic parameters and lithology. Geochemical analysis also reveals a strong relation between concentrations of the main elements Al, Ca and Mg and lithologic changes. To characterize the sedimentary environment and possibly identify diagenetic influence on acquisition of the natural remanent magnetization (NRM), multivariate classification techniques were performed using both geochemical and rock magnetic variables. We conclude that the short polarity intervals-denoted as OCS-1, OCS-2 and OCS-3-are not overprints or artefacts of diagenetic processes, but represent real features of the geomagnetic field. The normal polarity interval OCS-1 has an estimated duration of 26 kyr, and corresponds to cryptochron C5r.2r-1 identified at ODP Site 845. We argue that it must now be termed as subchron C5r.2r-1n. OCS-2 has a duration of 15 kyr, and although it does not clearly show a pair of reversals, it must be denoted as subchron C5r.2r-2n. Finally, OCS-3 has a duration of 9 kyr, a full pair of reversals and must be considered as subchron C5r.3r-1n. recorded in magnetostratigraphic records from the marine realm. However, in many studies of marine magnetic anomaly profiles from sufficiently fast spreading ridges, small magnetic anomalies that are related to geomagnetic field behaviour have been observed. They have been referred to as what they look like: tiny wiggles. Their nature and origin, however, are often not clear. They may be considered to represent very short polarity intervals [Blakely, 1974; Rea and Blakely, 1975] , or intensity fluctuations of the field [e.g. Cande and Labreque, 1974; Cande and Kent, 1992b; Gee et al., 1996] . In their geomagnetic polarity time scale (GPTS), Cande and Kent [1992a] , hereafter referred to as CK92, denoted tiny wiggles as cryptochrons, in view of their uncertain origin. They have used a 30-kyr duration cut-off as a realistic estimate of the typical maximum resolution of marine magnetic anomaly profiles from relatively fast spreading ridges. The cryptochrons have a designation (-1, -2, etc.) following the primary (sub)chron nomenclature, e.g. C1r.2r-1 is the uppermost cryptochron (-1) in the second reversed subchron (.2r) of Chron C1r (the Matuyama Chron). Cande and Kent [1992a] proposed that a cryptochron can be elevated to the status of subchron if it corresponds to a magnetostratigraphically identified pair of reversals. Such a cryptochron will then acquire a polarity suffix like the Cobb Mt. subchron (C1r.2r-1n).
The origin of many cryptochrons in CK92 have not (yet) been confirmed by magnetostratigraphic studies. On the other hand, there is firm evidence for excursions and "reversal excursions". Here, the term excursion is used for virtual geomagnetic poles (VGP) deviating more than 45° from geographical north [Verosub and Banerjee, 1977] , while it is termed a reversal excursion for VGPs that deviate in excess of 90° from geographical north [Merrill and McFadden, 1994] and possibly reaching (near) opposite polarity. Many reversal excursions have been well established in the Brunhes Chron Lund et al., 1998 ], and there is increasing evidence for them in the Matuyama Chron [Quidelleur et al., 2001] . Invariably, reversal excursions are associated with low paleointensities of the geomagnetic field, both in the Brunhes [Guyodo and Valet, 1999] and in the Matuyama [Guyodo et al., 1999; Channell et al., 2002] Chrons, but also for older cryptochrons [e.g., Roberts and Lewin-Harris, 2000] . This renders the discussion about the cause for tiny wiggleseither a short period of (near) opposite polarity or a period of low field intensity-rather superficial: it would seem that both phenomena occur at the same time and are linked together.
Several mechanisms have been postulated to explain the occurrence of (reversal) excursions. Gubbins [1999] proposed that excursions are events in which the geomagnetic field reverses in the liquid outer core-which has timescales of 500 yr or less-but not in the solid inner core. The influence of the inner core-with a diffusion time of approximately 3-5 kyr-delays full reversal during which time the original polarity may re-establish itself in the outer core. The typical duration of 3-6 kyr of reversal excursions is consistent with the diffusion time scale. Evidently, this duration is usually much too short to be detected in marine magnetic anomaly profiles, and explains why so few excursions have been detected, even as tiny wiggles.
A clear distinction between reversal excursion and subchron is at best difficult and usually impossible to make. A subchron should at least have a pair of reversals [Cande and Kent, 1992a] , and reach an opposite polarity during at least a 'measurable' amount of time [cf. Gubbins, 1999] . This would require a minimum duration of approximately 10 kyr for the entire interval of excursional (or transitional) directions and opposite polarity. In practice, however, such a definition will meet some serious problems. First of all, a good estimate of excursion duration requires highly accurate dating as well as highresolution sampling. Many excursions are not observed simply because of their short duration and too low sampling density. Secondly, smoothing and even complete removal of the paleomagnetic signal is the rule rather than the exception, e.g., through post-depositional diagenesis. In the majority of records, even with high resolution sampling and high sedimentation rates, reversal excursions or short subchrons are simply not recorded, or they are incompletely recorded, making the event seem shorter; a subchron may thus appear as an excursion only. A good example is the Cobb Mountain subchron which-if it is recorded at all-has reported durations varying from 10 kyr [Hsü et al., 1990 ] to 25 kyr Kent, 1986/1987] and even 33-43 kyr [Biswas et al., 1999; Channell et al., 2002 Channell et al., , 2003 .
Reversal excursions have been identified in many sites world-wide, but most frequently in relatively young sediments (i.e., of Brunhes and late Matuyama age) simply because of the numerous sedimentary cores of limited depth range. Hence, although excursions are sometimes identified in older rocks [Hartl et al., 1993; Rösler and Appel, 1998 ], they are still rare. Necessary comparisons with other coeval records are usually lacking.
In this paper, we present the detailed study of the short polarity intervals in the Orera Composite Section (Figure 1 ) in which Abdul Aziz et al. [2000 Aziz et al. [ , 2003b reported two levels represented by single normal polarity samples and one normal polarity interval defined by multiple samples in Chron C5r. We present the results of a detailed paleomagnetic, rock magnetic and geochemical study of these intervals to determine their nature and origin and to attempt to assess authenticity, age and duration of the intervals. The astronomical calibration of the OCS enables the required accuracy to date the observed short polarity intervals and to determine their duration. Finally, Figure 1 . Geologic sketch map of the Calatayud basin and location map of the studied TW and WG sections. The corresponding subchrons in the magnetostratigraphy of the Orera Composite Section (OCS) are according to the correlation with the geomagnetic polarity timescale (GPTS) of Cande and Kent [1995; CK95] . Dark shades in the lithostratigraphic column of the OCS indicate red colored mudstones, lighter shades indicate gray mudstones while white resistant horizons represent the carbonate rocks. The cycle numbers of the OCS are shown left of the lithology column and the positions of the studied sections are indicated with bars. we discuss whether a distinction can be made concerning their origin in terms of subchrons or reversal excursions.
2.GEOLOGICAL SETTING AND MAGNETOSTRATIGRAPHY
The study area lies near the village Orera, approximately 20 km south-east of Calatayud (Figure 1 ) where late to middle Miocene sediments crop out as part of the Paleogene and Neogene deposits of the NW-SE trending Calatayud basin [Abdul Aziz et al., 2000] . The mountains of the Iberian Range adjacent to the basin consist of Paleozoic and Mesozoic rocks. Along the basin margin, coarse-grained alluvial fan conglomerates occur, laterally grading to more distal, finer grained alluvial fan-floodplain deposits and palustrine and lacustrine sediments. The central part of the Calatayud basin is dominated by evaporites. The lithological succession in the study area is characterized by a distinct, precession-controlled, cyclic alternation of mudstone and dolomitic carbonate, which are interpreted as floodplain/mudflat and shallow lake deposits, respectively, that accumulated in a shallow lake basin [Abdul Aziz et al., 2003a] . More than 91 small-scale, mudstone-carbonate cycles were recognised, which in turn are hierarchically arranged in intermediate-and large-scale cycles. Cyclostratigraphic correlations between (overlapping) subsections, confirmed by magnetostratigraphy, resulted in the construction of the OCS. Correlation of the magnetic polarity record of the OCS to the GPTS of Cande and Kent [1995] indicated that the succession ranges in age between 10.7 and 12.8 Ma [Abdul Aziz et al., 2000] . Furthermore, the OCS magnetostratigraphic record revealed the presence of three short intervals of normal polarity: two in C5.2r and one in C5.3r (Figure 1 ). To determine the magnetic component and to distinguish between primary and secondary components, IRM analysis were performed for samples from different types of lithology throughout the OCS [Abdul Aziz et al., 2000] . The results of that study indicated that hematite and magnetite carry the magnetization components in these rocks.
High-resolution carbonate and color records were used to demonstrate the astronomical origin of the sedimentary cyclicity in the OCS and to establish the phase relation with astronomical parameters. Subsequently, each individual mudstone-carbonate cycle was calibrated to the astronomical curves of Laskar [1993] which resulted in the astronomical dating of reversal boundaries in the OCS [Abdul Aziz et al., 2003b] , including the short normal polarity interval (cryptochron) C5r.2r-1 first identified by Schneider [1995] . The duration of this interval was calculated to be 31 kyr [Abdul Aziz et al., 2003b] . Because the other two short normal polarity intervals were defined by one sample level only, no age was calculated.
The astronomical calibration provides accurate age information for both dating and constraining duration of the short normal polarity intervals. However, to determine whether these normal polarity intervals are truly reversal excursions or subchrons, it is important to first ensure that the magnetic signal throughout the studied sections has a geomagnetic origin.
MATERIALS AND METHODS
We re-sampled the following intervals of subsection VT-II [see Figure 5 in Abdul Aziz et al., 2000] : between cycles 58 and 65 (TW section) and between 48 and 51 (WG section) (Figure 1) . These intervals are located within subchrons C5r.2r and C5r.3r, respectively. At each sampling level, two oriented and two non-oriented standard paleomagnetic cores were drilled at an average sampling interval of 10.5 cm, which corresponds to ~1550 kyr. In the short polarity intervals, however, the sample spacing was at an average distance of 9 cm (~1300 kyr). The re-sampling of these intervals has therefore increased the resolution by almost an order of magnitude relative to the original study by Abdul Aziz et al. in 2000. The color of the sediments was measured in the field at an average stratigraphic distance of 8.5 cm using a portable photospectrometer (Minolta CM508i).
To determine the characteristic remanent magnetization (ChRM) directions, at least one specimen per level was thermally demagnetized in a laboratory-built shielded furnace using stepwise temperature increments of 30°C up to 420°C, of 50°C between 420 and 600°C and steps of 15°C between 600 and 690°C. The natural remanent magnetization (NRM) was measured on a horizontal 2G Enterprises DC SQUID cryogenic magnetometer. The initial susceptibility (χ in ) was measured on a Kappabridge KLY-2 using a sister sample. An anhysteretic remanent magnetization (ARM) was then imparted to this sample in alternating fields up to a maximum of 250 mT using incremental steps of 20-50 mT, with a DC field of 29 µT.
Acquisition curves of the isothermal remanent magnetization (IRM) were determined for specimens around polarity interval OCS-2. Prior to acquisition, the specimens were demagnetized in a 300 mT alternating field. Subsequently, 28-30 acquisition steps were applied at fields up to 2.5 T. The peak fields were applied with a PM4 pulse magnetizer and the IRM intensity was measured on the cryogenic magnetometer. IRM acquisition curves were analyzed by decomposing the acquired curves into magnetic components using the IRM component fitting of Kruiver et al. [2001] . IRM acquisition curves are assumed to have a cumulative log-normal form with respect to the applied field, and the components add linearly in the acquisition curves provided that no magnetic interactions occur. Each magnetic component can be characterized by the saturation IRM (SIRM), the peak field at which half of the SIRM is reached (B1/2) and the dispersion of its corresponding cumulative log-normal distribution (DP) [Kruiver et al., 2001] . According to the IRM-fitting method of Kruiver et al. [2001] , the error in the total IRM estimation for samples with low intensities and noisy IRM acquisition curves will be highest for measurements at low applied fields.
For the geochemical analysis, the non-oriented core specimens were freeze dried up to -40°C and were subsequently powdered using a mortar mill. These specimens were completely destroyed in HF, HNO 3 and HClO 4 and element concentrations were obtained with ICP-OES analysis (inductively coupled plasma optical emission spectrometer, Perkin Elmertype Optima 3000). Accuracy and precision of the analyses was checked by replicate samples and by laboratory standards and was found to be less than 3% for the major elements Al, Ca, Mg, K, Fe, Na and Mn.
To determine relationships between rock magnetic and geochemical parameters and to discern groups with similar characteristics, the multivariate fuzzy c-means cluster analysis technique [FCM; Bezdek et al., 1984] was applied. This technique is based on a partitioning method in which the similarity of a case is calculated with respect to all clusters. This similarity is expressed by a membership value that varies between 0 (no similarity between sample and cluster) and 1 (identical) for each case. The memberships to the clusters for one sample add up to 1. An intermediate case is recognised by significant memberships of more than one cluster. The weight of each sample to a cluster centre is related to its membership value so that intermediate samples have less influence on the position of cluster centres.
FCM cluster models were run for 2 to 7 clusters. Because the most appropriate number of clusters is not known, the best solution can be determined from the statistical properties of the FCM model; the partition coefficient F´ should have the highest value and the classification entropy H´ should have the lowest value [Bezdek et al., 1984] . Another method to determine the optimal number of clusters is by displaying the cluster assignments in a non-linear mapping (NLM) plot [Sammon, 1969] . In this 2-dimensional image of a multi-dimensional data cloud, clusters are possibly meaningful when the cases of the same clusters coherently group in the NLM plot. If this is not the case, the best solution should then be sought in a model with less clusters [see, e.g., Dekkers et al., 1994] .
RESULTS

Paleomagnetic Results
Overall, good paleomagnetic results were obtained for specimens from both the TW and WG sections (Figure 2) . The NRM intensities range between 10 and 4500 µA/m, with some exceptions showing high NRM intensities up to 11000 µA/m, mostly associated with the red (silty) mudstones. Conversely, low NRM-intensity values occur in carbonate-rich lithologies. The Zijderveld diagrams of the measured specimens show that the NRM is composed of at least three components. A small, viscous and randomly oriented component, which is removed at temperatures of 100°C, likely represents a laboratory-induced magnetization related to storage. A low temperature component (LT) is removed at 210-240°C. The overall mean direction of this LT component corresponds within error to the geocentric axial dipole (GAD) inclination for the location (41.5°N; inclination of 60.5°), suggesting that LT represents a present-day overprint (Figure 2a) .
At higher temperatures two components can be distinguished; an intermediate component (MT), which is completely removed between temperatures 520 and 600°C and is thought to reside in magnetite (or possibly maghemite); and a high temperature component (HT) which is removed between 615 and 690°C, indicative of hematite (Figures 2b, f, h, j, k and l). The HT component, which is found in the bulk of the samples (>95%), is interpreted as the characteristic remanent magnetization (ChRM) and usually its direction can be reliably determined. Some specimens consist of a 'hard' hematite component, which is only removed at temperatures exceeding 660°C (Figures 2c and k) . Interpretation of the ChRM directions was sometimes hampered because of poor and noisy demagnetization behavior, mostly associated with low intensities (Figure 2d) . Occasionally, the ChRM does not decay towards the origin (Figures 2e, g and l) . In some specimens, differences are observed between the directions of the MT and HT components (Figures 2f, g and k) suggesting a slight delay in acquisition. However, this delay is not consistent between the two components, nor does it occur throughout the studied sections. Concerning the origin of the MT and HT components, there are certainly some-still poorly understood-mechanisms that cannot be sufficiently explained and, therefore, we cannot precisely estimate the seemingly inconsistent differences in timing between the two components. In fact, Krijgsman et al. [1997] already noted that in Spanish red beds two different (magnetite and hematite) components had conflicting acquisition times (yet not differing more than a few thousand years, as is the case in this study, since they are within a precession cycle). At the older polarity transition, the magnetite component reverses first (i.e. has a longer delay in acquisition), while at the younger polarity transition the reversal of the hematite component is earlier. This mechanism can possibly in part be explained by different origins of hematite depending on the changing environment within a climatic (precessional) cycle, e.g. detrital vs. pigmentary hematite. The fact that magnetite may have a longer lock-in time may be related to a NRM acquisition process similar to that observed in the Chinese loess, which shows a considerable lock-in delay. Soil formation processes complicate the matter further and give rise to complex magnetization acquisition processes [Spassov et al, 2003] .
By plotting the ChRM directions and NRM intensity in stratigraphic order for the TW section, two intervals of opposite (normal) polarity are revealed (Figure 3 ): between 10 and 13 m (termed OCS-1) and between 1 and 3 m (termed OCS-2). In the WG section, one distinct normal polarity interval is distinguished between 2 and 4 m, which we designate as OCS-3 (Figure 3) . Hence, we confirm the presence of the polarity intervals earlier recorded by Abdul Aziz et al. [2000] .
Rock Magnetic Results
IRM acquisition curves were obtained for twelve samples (from representative lithologies) from polarity interval OCS-2, between 0 and 4.5 m. IRM curves from the same lithology show similar results, therefore we used the results with a well- [Kruiver et al., 2001] . Data points are represented by squares; dotted, shaded and long-dashed lines represent the best fit component 1, 2 and 3, respectively. The solid line is the best fitting sum of components. Component 1 corresponds to magnetite, component 2 to (fine-grained) hematite and component 3 to goethite (see text for details).
defined (and minimum) number of magnetization components as a reference (Table 1) . Combined with the results in Table 1 , the IRM curves indicate that either two or three magnetic components can be distinguished, depending on lithology (Figure 4) . In almost all samples, a low-coercivity component is recorded with B1/2 values in the range of 25 to 40 mT, which suggests the presence of magnetite. The second component can be divided into two groups: coercivity values ranging between 130 and 240 mT, or occasionally higher. In general, the lower coercivities are typical of gray mudstones and carbonates while the higher coercivities are characteristic of red mudstones [see also Abdul Aziz et al., 2000] . We assume that both ranges of values correspond to hematite, where the low coercivities are indicative of (very) fine-grained hematite [Dekkers and Linssen, 1989] and the high coercivities indicate less fine-grained hematite. In several samples there is a third component with very high coercivities (900-2500 mT), e.g., in black, root-bioturbated mudstones (Table 1, Figure 4 ). These coercivity values are typical of fine-grained goethite [Dekkers, 1989] .
An indication of the magnetic mineral components can also be deduced from the thermal (TH) decay of the NRM. In the normalized TH-decay curves for the TW and WG specimens, a rapid decay is observed between room temperature and 210-240°C; the decrease in intensity varies from 20 to 60% and may be associated with goethite (Figure 5a, b) . For a better comparison of the TH-decay curves between specimens, the thermal steps up to 210°C were excluded. It appears that the TH-decay curves display a similar trend characterized by a slow decay up to approximately 600°C followed by a rapid decrease of the NRM in the temperature range 600 to 690°C (Figure 5c, d) . The magnetic mineral associated with the first decay up to 600°C is probably magnetite, while the sharp decay between 600 and 690°C and the unblocking at 690°C corresponds to hematite. The TH-decay curves for specimens from the WG section show more variations than those from TW: some WG specimens show a more rapid TH-decay at lower temperatures not seen in TW specimens (Figure 5d ) and could indicate higher concentrations of goethite. Figure 5 . Thermal decay curves of selected samples from the TW and WG sections. The first temperature steps up to 210°C suggest large differences in the thermal decay for various samples (a and b). When excluding these first steps (c and d), a more consistent decay is observed whereby at least 50% of the decay occurs in the temperature interval 600-690°C. Samples from WG indicate that another group of samples with a decay in the temperature interval 400-500°C is also present. The initial susceptibility (χ in ) strongly depends on the concentration of paramagnetic (clay) minerals, on the concentration of ferrimagnetic minerals and on grain size. Susceptibility data from the TW section show that variations in χ in are influenced by lithology (Figure 6a ). The intervals 0-8.5 and 11-14.5 m consist of obvious lithological alternations of carbonates and mudstones, with low χ in values for carbonates and high values for mudstones; the highest χ in values are recorded in red and brown mudstones. The interval 8.5-11 m lacks well-developed carbonate beds which results in more uniform intermediate χ in values (Figure 6a) .
ASTRONOMICAL AGES FOR THREE NEW SUBCHRONS
ARM acquisition data show that most specimens are not saturated at 250 mT, which is consistent with the high coercivities indicated by the IRM results. ARM imparted up to 250 mT (ARM max ) (Figure 6a) show that he analyzed specimens can be divided into three groups depending on their rate of ARM acquisition: a high, an intermediate and a low acquisition rate of the ARM. Fast acquisition is typical for red and brown mudstones while lower acquisition rates are characteristic for gray mudstones and carbonates, with the slowest rates observed for carbonates.
Contrary to χ in , the ARM is usually enhanced in fine-grained magnetic minerals [Banerjee et al., 1981] , but it more strongly depends on ferrimagnetic mineral concentration [Sugiura, 1979; King et al., 1983; and Tauxe, 1991] . In this study, ARM max and χ in do not always show a positive correlation, which suggests that χ in is also determined by changes in (paramagnetic) clay mineral concentration (Figure 7a) .
Finally, variations in the NRM intensity at 180°C are related to lithology; low intensities coincide with carbonate beds, while high values correspond to red mudstones (Figure 6a ). The peak in NRM 180 at 9 m seems to be related to formation of magnetic minerals as it occurs just above a conspicuous thin (~1.5 cm) red layer.
Summarising, all rocks in TW contain both magnetite and hematite, with very fine-grained hematite also occurring in carbonates and gray mudstones. Goethite is also present in most of the different types of lithology. Furthermore, the concentration of magnetic minerals is enhanced in the red mudstones and is reduced in the carbonates. Closer investigation reveals that in the lower, well-developed cyclic part (cycles 58-61A) and in the top part (cycles 63-65) of the TW section, the magnetic parameters NRM, χ in , ARM max and IRM appear to be mainly influenced by lithologic changes. In the middle part, however, carbonate beds are poorly developed resulting in a more homogeneous lithology in which the magnetic parameters have more constant values.
Geochemical Results
X-ray diffraction analysis on samples from the OCS indicated that the mudstones are dominated by clay minerals, which consist mainly of illite, illite-smectite mixed layers and di-and tri-octahedral smectite, with minor amounts of kaolinite [Abdul Aziz et al., 2003a] . The carbonate content in the mudstones is usually negligible, whereas the percentage of silt-to sand-sized quartz and feldspar grains varies from 3 to 35%. The carbonate beds are mainly dolomitic, with carbonate contents varying between 65 and 93%. Bulk ICP analysis on samples from the TW section revealed high concentrations of Al, Ca and Mg. High Al percentages are characteristic of the mudstones and are related to clay mineral content (Figure 6a ). In contrast, high Ca and Mg contents are related to carbonate minerals. Fe, K and Ti follow the same trend as Al, while Mn follows Ca (Figure 6a ). The lithologic variations are also clearly illustrated by the lightness value L*, where high (i.e., lighter) values correspond to the carbonate beds ( Figure 6a ).
Ca (%) and Al (%) inversely correlate, especially for Al percentages less than 7% (Figure 7b and inserted table). At higher Al values, Ca percentages are lower than 1% and no clear correlation with Al is observed. Variations in Al (%) are likely related to variations in clay mineral content. Mn concentrations are low in the mudstones but may be 10 to 30 times higher in the carbonates (~1200 ppm). The distribution of Mn is strongly related to carbonate content and is probably determined by manganese absorption and overgrowth on the calcite/dolomite surfaces [Middelburg et al., 1987; Van Hoof et al., 1993] . Mg has relatively high concentrations (500-1100 ppm) in mudstones and in carbonates (800-1300 ppm). A slight anti-correlation with Al (%) is observed, but after correction for the Mg contribution to the clay minerals, by taking the ratio Mg/Al, this anti-correlation becomes more obvious (Figure 7c ). This in turn also implies a positive correlation between Mg/Al and Ca (%). Finally, Fe, K and Ti show positive correlations with each other and with Al (%), which indicates that the concentrations of these elements are strongly associated with clay minerals (Figure 7d ).
DISCUSSION
Fuzzy Clusters
Interpretation of geochemical elements or ratios in marine environments has been proven to be a sensitive tool to recognize diagenesis. In addition, a clear correlation with magnetic properties has been demonstrated using fuzzy c-means cluster analysis techniques [Dekkers et al., 1994; . Similar studies have been performed in continental settings. In the palustrine-alluvial environment of the Librilla section in southeastern Spain, clusters enriched in iron-mainly related to the high coercivity IRM component of goethite-indicated a clear relationship with samples with overprinted directions . However, not all samples within this iron-enriched cluster were overprinted. In addition, magnetite overprints did not show any relation with a particular cluster [see for details Kruiver et al., 2002] .
Generally, chemical weathering in continental settings is often indicated by the K/Al ratio, which in turn is also an indicator for detrital input, along with the Ti/Al ratio. Therefore, good correlation between these two ratios would reflect changes in clastic input. In this study, however, the correlation between both ratios is poor (r 2 =0.38; Figure 7e ) and we therefore refrain from using this proxy. Furthermore, considering the closed nature of the Calatayud basin, the parent rock (i.e., Paleozoic slates) and the clay mineralogy (illite, mixed-layer illite-smectite and Mg-smectite), it is clear that complex transformation processes played a role in the clay mineral composition of the detritus in the TW section. This can be illustrated by the good correlation between Al, Fe, K, and Ti (see table in Figure 7) . Similarly, Mg is enriched in the carbonate as well as in the clay minerals and therefore the Mg/Al ratio is probably not useful as an indicator for chemical weathering. Nevertheless, relationships between the geochemical elements and the rock magnetic parameters show that the elements dominant in the mudstones (Al, Fe, K and Ti) correlate well with χ in (Figure 7f ) while the elements dominant in the carbonates (Ca and Mg) correlate less well (see table to Figure 7) . Finally, raised Fe/Al ratios in marine sediments are taken to indicate diagenetic enrichment of Fe. In this study, the enrichment or depletion of Fe is determined relative to the "average" detrital input, as contained in the Fe/Al ratio. In the TW section, Fe-enhancement occurs just above and within carbonate beds of cycles 58, 59 and 60 (Figure 6a ). This enhancement seems to be related to high concentrations of carbonate minerals and relatively low ARM max values.
To distinguish subtle patterns or compositional overlaps and to discriminate possible groupings between geochemical parameters and magnetic behaviour we thus used multivariate classification techniques. This statistical technique has been successfully applied in geochemistry [e.g., Vriend et al., 1988] and has also been used to link rock-magnetic behavior to geochemical environment and to climate change in marine settings [Dekkers et al., 1994; Kruiver et al., 2002] . The magnetic and geochemical variables we used in the multivariate fuzzy c-means (FCM) and non-linear mapping (NLM) cluster analyses were χ in , ARM max and NRM 180 and Al (%), Ca (%), Fe (%), K (%), Mg (%), Mn (%), Ti (%), and CaCO 3 and MgCO 3 both from the carbonate fraction [see Abdul Aziz et al., 2003b] , respectively. The color records, represented by the lightness value L* and the redness value a*, were also used because they clearly show the lithologic changes caused by mudstonecarbonate alternations and by red-coloring. The fuzzy cluster analysis was tested by repeating the analysis using different (random) starting conditions and by running all and selected variables. All the results proved to be stable and consistent. For an illustrative FCM and NLM analysis we have chosen the geochemical variables Al, Ca, Fe, K, Mg and Ti and the rock magnetic variables χ in and ARM max . Prior to the cluster analyses, log-normal distributed variables were logarithmically transformed and then standardized to ascertain equal weight for all variables.
The results for the 3, 4 and 5 cluster models are shown in NLM plots (Figure 8 ). The cluster centres have been sorted by increasing Al concentrations. In all three cluster models, two dominant groups can be distinguished. One group is characterized by high carbonate mineral contents (Ca and Mg) and the other group by high clay mineral related contents (Al, K, Fe, and Ti). Between these two major clusters, intermediate clusters occur with increasing concentrations of carbonate and decreasing concentrations of clay mineral related elements. In all the different runs of the fuzzy cluster analyses, the geochemical parameters contribute significantly to the cluster partitioning. Furthermore, the magnetic parameters ARM max and χ in also increase with increasing concentrations of clay mineral elements. An exception is the 5 cluster model where a cluster of high ARM max and relatively high χ in values is found with intermediate percentages for both Ca and Al, which may indicate enhanced concentrations of magnetic minerals (Figure 8 ). The influence of lithological variations on cluster assignments is illustrated in Figure 6b . The carbonate and clastic and rock magnetic mineralogy clearly follows the cyclicity, however, this is not the case in the interval 61A to 63, where the lithological cyclicity is poorly-developed. In the 6 and 7 cluster models (not shown), the ARM max parameter mainly contributes to the cluster partitioning in this interval. Yet, no relation can be established between ARM max and the occurrence of reversals. Finally, Fe-enhancement around cycle 59 and 60, which is strongly confined to carbonate rich lithologies, show a relation with low ARM max and low NRM values. Most samples from these two levels show poor demagnetization behaviour (Figure 6 ). In contrast, Fe-enrichment just above the carbonate of cycle 58 is related to intermediate ARM max and NRM values and to intermediate carbonate mineral concentrations. The samples from this interval show good and reliable demagnetization behaviour. Hence, we do not find any link between Fe-enrichment and a particular cluster.
Because lithologic changes strongly influence both the geochemical and rock magnetic proxy records, there is a clear correlation between both types of records (Figure 6c) . We see no clear correlations, however, between the records and the occurrence of normal polarity samples that determine OCS-1 and -2. Similar clusters, i.e., similar lithologic and rock magnetic properties, show both normal and reversed directions. The normal polarities of OCS-1 and -2 are not related to a particular clus-ter. This is especially evident for the normal directions of OCS-1, which belong to several different clusters (Figure 6b ). The short normal polarity interval OCS-3 in the WG section is recorded in dark gray mudstones similar to the mudstones in the TW section. The range of rock types, and their chemical and magnetic mineral composition, records similar ChRM directions. We therefore see no clear evidence for diagenetic changes. However, we realize that small diagenetic changes leading to remagnetization of the primary magnetic component may easily remain undetected in whole rock geochemistry. Hence, the observations described above do not allow us to conclude that no diagenesis has taken place. Perhaps the best argument for true normal polarity directions in OCS-1, -2 and -3 is to confirm these polarity intervals in other independent records, which will be discussed in the next section.
Evidence For New Subchrons
Since tiny wiggles, or cryptochrons, indicate geomagnetic field behavior of uncertain origin in marine magnetic anomaly profiles, their origin and nature require confirmation from (detailed) magnetostratigraphic studies. The existence of (reversal) excursions, in particular in the Brunhes and Matuyama Chrons, is now widely recognised and many excursions have been confirmed in globally distributed records Singer et al., 1999; Channell et al., 2002] . Duration may be used to distinguish between (reversal) excursions and subchrons, as one could argue that subchrons must have a minimum duration of >6 kyr (i.e. minimally twice the inner core diffusion time of 3-5 kyr). We follow Gubbins [1999] in that, in addition to a pair of reversals, a subchron must have a short duration of the altered polarity state, which is sufficiently long to establish a time-averaged stable field. In practice, this requires a subchron to have a duration >10 kyr. Whether short duration subchrons can be detected in marine magnetic anomaly profiles presents a practical limitation, but it is not fundamental to the question of distinguishing between reversal excursions and subchrons.
Another sound criterion is that a subchron will be characterized by low intensities during the reversals that bound the subchrons, but that the intensities will recover to higher values within the polarity interval, while an excursion will only have a single interval of low intensity [cf. Roberts and LewinHarris, 2000] . Reversal excursions during the Brunhes and late Matuyama Chrons invariably are associated with single paleointensity minima [Guyodo and Valet, 1999; Guyodo et al., 1999] . However, to establish a paleointensity minimum and possible recovery within the subchron requires 'suitable' sediments which is not the case in the present study, considering the variable lithology and the uncertainty regarding normalization of the remanence in (hematite bearing) continental sediments. Because the short normal polarity intervals in our studied sections most likely represent geomagnetic field behavior, the next step is to determine whether the short normal polarity intervals OCS-1, OCS-2 and OCS-3 represent subchrons or reversal excursions. Therefore, we have investigated the duration of the three polarity intervals and whether they consist of a pair of geomagnetic reversals. If so, then these cryptochrons may be elevated to the status of subchrons [see Appendix on Nomenclature of Cande and Kent, 1992a] .
The duration of OCS-1, 2 and 3 was determined from the ages of the astronomically calibrated mudstone-carbonate cycles in both the TW and WG sections, whereby the midpoints of carbonate beds were correlated to precession minima ( Figure 9 ) [Abdul Aziz et al., 2003b] . To resolve whether each of these short polarity events consist of a pair of full reversals, the latitudinal variation of the VGP paths and Fisher parameters were compiled from the ChRM directions ( Figure  10 ). No correction was applied for inclination errors.
The VGP paths calculated for the short normal polarity interval OCS-3 in the WG section cluster at southern high latitudes (Figure 10 ). There are no intermediate VGP positions during the polarity transition and the VGPs abruptly jump to northern high latitudes and stay there for a short period of time, estimated to be longer than 5 kyr. Finally, the VGPs move back to the southern high latitudes. These results and the equal area plot of ChRM directions show that the short OCS-3 interval consists of a pair of reversals, with a short time of fully opposite (normal) polarity. The total duration of OCS-3 is approximately half a precession cycle, or 9 kyr ( Table 2 ). The VGPs indicate opposite polarity direction and, more importantly, this short normal polarity event has been recently confirmed in other independent records, namely in DSDP Site 608 [29 kyr; Krijgsman and Kent, this volume] and in the revised calibrated ODP Site 1092 [ 6 kyr; Krijgsman and Kent, this volume; Evans and Channell, 2003] . Based on these confirmations, this short polarity interval should be considered as a subchron and, according to the nomenclature of CK92, it acquires the notation of subchron C5.3r-1n. Figure 9 . Astronomical calibration and dating of cycles and reversals in the TW and WG sections [see for details of tuning Abdul Aziz et al., 2003b] . In the polarity columns for both sections, black (white) denotes normal (reversed) polarity; the gray shading represents uncertain polarity. The astronomical precession and eccentricity curves are from Laskar et al. [1993] . The astronomical polarity timescale (APTS) of the Orera Composite Section (OCS) is compared to the geomagnetic polarity timescale (GPTS) of Cande and Kent [1995; CK95] . The relative position of short normal polarity intervals OCS-2 and OCS-3 in the GPTS is indicated with gray shaded blocks (see also Table 2 ). Note that cryptochron C5r.2r-1n was identified by Schneider [1995] at ODP Site 845. Its age in the GPTS has been adjusted according to CK95. The VGPs for the short polarity interval OCS-2 in the TW section shows a slight shift toward the southern Indian Ocean and then an abrupt shift to high northern latitudes ( Figure  10 ). No full normal polarity VGPs are reached during any significant amount of time; the VGPs shift rapidly via central America back to high southern latitudes. Altogether, the VGP paths and the equal area plot results do not show a convincing pair of reversals for OCS-2, nor do they indicate a significant interval with opposite polarity. Yet, the duration of the interval is approximately 15 kyr ( Table 2 ). The VGP behavior argues for a reversal excursion, whereas its relatively long duration supports an origin as subchron. Notably, the short normal polarity interval of OCS-2 has also been confirmed in DSDP Site 608 [Krijgsman and Kent, this volume] and in the revised calibrated ODP Site 1092 [Evans and Channell, 2003] . Therefore, we conclude that OCS-2 must be denoted as subchron C5r.2r-2n.
ASTRONOMICAL AGES FOR THREE NEW SUBCHRONS
The normal polarity interval OCS-1 shows clear antipodal directions, with VGPs apparently confined to a longitudinal band over the Americas (Figure 10 ). This VGP confinement has been observed in many other records and has been attributed to core-mantle interactions [Laj et al., 1991; Gubbins and Coe, 1993] , or, alternatively, to sedimentary artefacts [Rochette, 1990; Langereis et al., 1992] . Here, we focus on the clear pair of reversals between stratigraphic levels 7.5 and 14.5 m (Figure 10 ). The VGPs in the southern high to mid latitudes pass the equator to northern mid latitudes before remaining at high northern latitudes. The subsequent change back to reversed polarity is irregular, showing fluctuations between northern and southern latitudes before reaching the reversed polarity direction. The overall character of the VGP path and the equal area plot clearly shows that OCS-1 not only has a full pair of reversals, but it also remains in a fully normal polarity state for at least 26 kyr (Table 2 ). This implies that OCS-1 should be regarded as a true normal polarity zone, and thus as a subchron. Abdul Aziz et al. [2003b] identified OCS-1 as cryptochron C5r.2r-1, which was earlier recognised by Schneider [1995] in sediments from ODP Site 845. Its presence was confirmed by the marine magnetic anomaly profile of the conjugate Nazca and Pacific plates [Abdul Aziz et al., 2003b; Cande and Labreque, 1974] . Furthermore, the duration of C5r.2r-1n in our study (26 kyr) agrees with the estimated duration of 26 kyr by Schneider [1995] , which was based on an estimate of the average sedimentation rate. Schneider [1995] also noted that that cryptochron C5r.2r-1 reflected a full normal polarity zone with distinct intensity recovery between the pair of reversals. He refrained from denoting this polarity interval as a normal polarity subchron because it was found in only one core at ODP Site 845. Recently, this polarity event has also been identified in DSDP Site 608 (26 kyr) as well as in ODP Site 1092 (38 kyr) [Krijgsman and Kent, this volume; Evans and Channell, 2003] . We, thus, confirm that OCS-1, i.e. cryptochron C5r.2r-1, should be elevated to the status of subchron. According to the proposed nomenclature of Cande and Kent [1992a] , the notation cryptochron C5r.2r-1 changes into subchron C5r.2r-1n.
CONCLUSIONS
We have carried out a detailed re-sampling of three short normal polarity intervals in the continental Orera Composite Section from the Calatayud Basin in NE Spain [Abdul Aziz et al., 2000] . Paleomagnetic, rock magnetic and geochemical analyses of the three short intervals, informally labelled as OCS-1, OCS-2 and OCS-3, indicate no relationship with diagenetic or other sedimentary artefacts and suggest that these features have a geomagnetic origin. The duration of these short normal polarity intervals and the nature of the VGPs, together with their confirmation in DSDP/ODP sites 845, 608 and 1092 (at a wide range of latitudes) indicate that all three intervals represent true subchrons. Following the nomenclature of Cande and Kent [1992a] , they should now be denoted as full subchrons C5r.2r-1n (OCS-1), C5r.2r-2n (OCS-2) and C5r.3r-1n (OCS-3) rather than as cryptochrons.
